Fibroblast growth factor receptor 3 (FGFR3) mutations are frequently involved in human developmental disorders and cancer. Activation of FGFR3, through mutation or ligand stimulation, results in autophosphorylation of multiple tyrosine residues within the intracellular domain. To assess the importance of the six conserved tyrosine residues within the intracellular domain of FGFR3 for signaling, derivatives were constructed containing an N-terminal myristylation signal for plasma membrane localization and a point mutation (K650E) that confers constitutive kinase activation. A derivative containing all conserved tyrosine residues stimulates cellular transformation and activation of several FGFR3 signaling pathways. Substitution of all nonactivation loop tyrosine residues with phenylalanine rendered this FGFR3 construct inactive, despite the presence of the activating K650E mutation. Addition of a single tyrosine residue, Y724, restored its ability to stimulate cellular transformation, phosphatidylinositol 3-kinase activation, and phosphorylation of Shp2, MAPK, Stat1, and Stat3. These results demonstrate a critical role for Y724 in the activation of multiple signaling pathways by constitutively activated mutants of FGFR3.
INTRODUCTION
The fibroblast growth factor receptor (FGFR) family of receptor tyrosine kinases (RTKs) mediates growth, differentiation, and cellular migration in a diverse range of cell types. These receptors function as high-affinity binding proteins for the FGF family of ligands, of which there are nearly 20 members (Szebenyi and Fallon, 1999) . Ligand binding to the extracellular domain of FGFRs results in receptor dimerization and transphosphorylation of tyrosine residues in the intracellular domain.
Many human disorders have been linked to mutations in FGFR3 (reviewed in Webster and Donoghue, 1997b; Burke et al., 1998) . For example, mutations in the extracellular domain of FGFR3 such as R248C and G370C result in thanatophoric dysplasia type I (TDI), a lethal skeletal disorder. Mutations in the FGFR3 transmembrane domain can also lead to constitutive receptor activation, such as the G380R mutation responsible for most cases of achondroplasia, or skeletal dwarfism. Mutations in the FGFR3 kinase domain are responsible for developmental disorders that range in severity from the relatively mild hypochondroplasia (N540K) to the neonatal lethal disorder TDII (K650E). A different mutation at this same position, K650M, leads to a second syndrome, SADDAN (severe achondroplasia with developmental delay and acanthosis nigricans), which involves skeletal malformations, CNS disturbances, and skin dysplasia (Tavormina et al., 1999) .
An exciting link between FGFR3 and cancer has recently been uncovered. The G375C and K650E mutations involved in skeletal malformation syndromes have also been identified in some patients with multiple myeloma, a proliferative B cell disorder (Chesi et al., 1997; Richelda et al., 1997) . The K650E kinase domain mutation, as well as the R248C, S249C, and G370C extracellular domain mutations originally characterized in TDI patients, have also been shown to occur frequently in human bladder and cervical carcinomas (Cappellen et al., 1999) .
Although elevated FGFR3 activity is implicated as a causative factor in human disorders, the resulting activation of signaling pathways is much less clear. Previous work has shown that PLC-␥ binds to the Y760 autophosphorylation site of FGFR3 (corresponding to Y766 in FGFR1) and represents the only well characterized SH2 domain-containing binding partner for FGFRs (Mohammadi et al., 1991) ; however, the mutation Y766F, although eliminating phosphatidylinositol (PI) hydrolysis and receptor endocytosis, does not affect FGFR1-mediated mitogenesis (Mohammadi et al., 1992) . The adaptor protein FRS2 binds to the FGFR1 juxtamembrane region in a phosphotyrosine-independent manner (Ong et al., 1997 (Ong et al., , 2000 Xu et al., 1998) . FRS2 contains at least five binding sites for the Grb2 adaptor protein, which is constitutively bound to the guanine nucleotide exchange factor Sos. Sos stimulates ras activation, coupling FGFRs to activation of the MAPK cascade (Kouhara et al., 1997) . FRS2 also binds to the protein tyrosine phosphatase Shp2 (Hadari et al., 1998) , the function of which in FGFR signaling is still undefined. Despite these advances in our understanding of signal transduction through FGFRs, the function of specific autophosphorylation sites remains unresolved.
Seven tyrosine residues have been mapped as autophosphorylation sites in FGFR1 (Mohammadi et al., 1991 (Mohammadi et al., , 1996a ; several of these residues are conserved in all FGFR family members (see Figure 1A) . Five of the seven phosphorylated tyrosines in FGFR1 are conserved in FGFR3. Additionally, a C-terminal tyrosine (Y770 in FGFR3; Y776 in FGFR1) is conserved in all four family members (see Figure 1A ). The two tyrosine residues in the "YYKK" motif of the activation loop of FGFRs are required for kinase activity of FGFR1 (Mohammadi et al., 1996a) and FGFR3 . The other autophosphorylation sites have been examined in detail only in FGFR1, and mutation of all nonactivation loop tyrosines does not affect FGFR1-mediated activation of MAPK or mitogenesis in L6 myoblasts, or stimulation of neurite outgrowth in PC12 cells (Mohammadi et al., 1996a) ; however, Y463 and Y730 are important for induction of urokinase-type plasminogen activator in L6 cells (Dell'Era et al., 1999) .
Several elegant studies have exploited derivatives of PDGF receptor (PDGFR) that either lack specific tyrosine residues or contain only one or two "add-back" phosphorylation sites to study RTK-mediated signaling. Such studies have provided valuable information regarding the role of specific tyrosine phosphorylation sites in regulating PDGFR-dependent signal transduction (Fantl et al., 1992; Kashishian et al., 1992; Kazlauskas et al., 1992; Ronnstrand et al., 1992; Kashishian and Cooper, 1993; . We used this technique to determine the importance of individual tyrosine phosphorylation sites in FGFR3. Plasma membrane-targeted derivatives of the FGFR3 intracellular domain were designed that are constitutively activated by the K650E mutation. Systematic mutation of all conserved tyrosine residues created a derivative lacking all nonactivation loop autophosphorylation sites. Individual tyrosine residues were then added back to assess their contribution to FGFR3 signaling. We found that adding back Y724 restores nearly 100% of activity when assayed for transformation, MAPK and Shp2 phosphorylation, Stat activation, and PI 3-kinase activation. Results presented here thus provide a detailed model of the role of individual tyrosine residues in mediating downstream signaling by constitutively activated mutants of FGFR3.
MATERIALS AND METHODS

Construction of Add-back and "Single F" Mutants
To facilitate mutagenesis of FGFR3, additional silent restriction sites were engineered into the myristylated wild-type (WT) FGFR3 construct PM-Kin(WT) described previously (Webster and Donoghue, 1997a) . The basic organization of the WT construct, with location of restriction sites relative to the relevant tyrosine codons, is as follows:
. This is the WT clone described in Figure 1 .
To insert the K650E activation loop mutation, the XhoI-BsrGI fragments of the YYKE and FFKE FGFR3 constructs (described in were swapped into the WT clone, generating the 4Y (pKH134) and [FF]4Y (pKH138) constructs. Oligonucleotide pairs were inserted into the Eco47III-BamHI or HpaI-BamHI sites of 4Y (pKH134) and [FF] 4Y (pKH138), mutating either Y760 or Y770 to F.
To construct the 4F and [FF]4F mutants, the Y760F and Y770F mutations were constructed simultaneously using D2027/D2028 oligonucleotides inserted into the HpaI-BsmBI sites of 4Y (pKH134) and [FF] 4Y (pKH138), making the intermediates 2Y-760/770F (pKH137) and [FF] 2Y-760/770F (pKH141) (not examined in this study). These two clones were used for PCR-mediated mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The Y577F mutation was substituted into pKH137, creating 3F-724Y (pKH143), whereas the Y724F mutation was engineered into pKH141, creating [FF]3F-577Y (pKH142) (mutagenic primer sequences available on request).
To generate the Y724F mutation in the full-length WT or TDII FGFR3 receptors, the AccI-XbaI fragment of 3Y-724F was ligated with the Xho-AccI fragments of full-length WT or TDII FGFR3 (described in and the Xho-XbaI vector fragment from full-length WT FGFR3. The remaining constructs were generated by swapping different regions between the clones using the restriction sites listed above. Sequences of all regions incorporating oligonucleotides or subjected to PCR were confirmed by dideoxy nucleotide sequencing. Fragments containing PCR-generated mutations were subcloned back into the parental vector. Additionally, all clones were verified by multiple diagnostic restriction enzyme digests.
Cell Culture, Focus Assays, and FGF stimulation NIH3T3 cells were maintained in DME plus 10% bovine calf serum in a 10% CO 2 humidified incubator. 293T cells were grown in DME plus 10% FBS, 10% CO 2 . COS-1 cells were grown in DME plus 10% FBS, 5% CO 2 . Chinese hamster ovary (CHO)-K1 cells were grown in Ham's F-12 plus 10% FBS, proline, penicillin/streptomycin, and fungizone, at 5% CO 2 . NIH3T3, COS-1, CHO-K1, and 293T cells were transfected using a modified calcium phosphate transfection protocol (Chen and Okayama, 1987) . Transformation assays were performed using NIH3T3 cells as described previously (Webster and Donoghue, 1997a) . Transfection efficiencies were determined by G418-resistant colonies on parallel plates. Data represent the mean and SE of at least three independent experiments. For CHO-K1 cell experiments, cells were starved overnight after transfection, then stimulated for 30 min with 200 ng/ml aFGF (recombinant human; R & D Systems, Minneapolis, MN) plus 20 g/ml heparin. Cell lysates were TCA-precipitated, and one-fourth of the total sample was analyzed by immunoblotting, as described below.
Immunoprecipitation and Immunoblotting
Transfected 293T cells were lysed in RFR buffer (20 mM Tris, pH 8.0, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 25 mM ␤-glycerophosphate, 1 mM PMSF, 1 g/ml leupeptin, 1 g/ml pepstatin A, 2.25 g/ml aprotinin, 1 mM sodium vanadate). Immune complexes were bound to protein A-Sepharose beads and washed four times in lysis buffer. Whole-cell lysates or immunoprecipitations were resolved by SDS-PAGE, and proteins were transferred to Immobilon. Proteins were detected by enhanced chemiluminescence (Amersham Pharmacia Biotech, Arlington Heights, IL). Antisera used for immunoblotting and immunoprecipitation were as follows: FGFR3 (C-15), FGFR4 (C-16), SH-PTP2 (C-18; Shp2), Stat1 (C-136) from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-MAPK (T202/Y204), phospho-Stat1 (Y701), phospho-Stat3 (Y705) from New England Biolabs (Beverly, MA); mouse anti-MAPK (ERK1 ϩ ERK2) from Zymed (San Francisco, CA); 4G10 (antiphosphotyrosine) from Upstate Biotechnology (Lake Placid, NY); Stat3 from Transduction Labs (Lexington, KY); and HRP-anti-mouse and HRPanti-rabbit secondary antibodies from Amersham.
Transcription Assays
NIH3T3 cells were transfected with 2 g of the 4xStRE-luciferase reporter (Bromberg et al., 1999) together with 8 g of each FGFR3 construct. Cells were re-fed the following day with 0.2% calf serum and starved for 20 -40 h. Lysates were generated using the protocol from the Luciferase Assay System (Promega, Madison, WI). The mean and SE were determined from three independent experiments.
In Vitro Kinase Assays
FGFR3 proteins were recovered from transfected 293T cells lysed in RFR buffer by immunoprecipitation with C-15 FGFR3 antiserum. In vitro kinase assays were performed as described previously . Equivalent amounts of receptor protein were detected by immunoblotting of lysates before immunoprecipitation.
PI 3-Kinase Assays
PI-3 kinase assays were performed as described previously (Fridell et al., 1996; Hart et al., 2000b) . Equivalent amounts of lysate were immunoprecipitated with 4G10 phosphotyrosine antiserum. The control was Vps34p-purified PI 3-kinase from yeast, a kind gift from Andrew Wurmser and Scott Emr (University of California, San Diego, CA). Equivalent FGFR3 expression in samples was confirmed by immunoblotting of lysates.
Immunofluorescence
Cells were fixed with 3% paraformaldehyde/PBS for 20 min and permeabilized with 0.5% Triton X-100/PBS for 10 min. Coverslips were mounted on glass slides with 90% glycerol in 0.1 M Tris, pH 8.5, plus phenylenediamine to prevent fading, and photographed using a Nikon Microphot-FXA microscope with a Hamamatsu C5810 camera.
For Stat3 nuclear translocation experiments, COS-1 cells were cotransfected with 3 g each of myc-tagged Stat3 and FGFR3 plasmid. After 20 h starvation in 0.2% FBS, cells were fixed and permeabilized as described above. FGFR3 derivatives were detected with rabbit C-15 FGFR3 antiserum and Texas red-conjugated anti-rabbit secondary antiserum. Stat3 protein was detected with 9E10 anti-myc mAb and fluorescein-conjugated anti-mouse secondary.
RESULTS
Description of FGFR3 Derivatives
The structure of FGFRs is shown in Figure 1 . Seven autophosphorylation sites have been mapped in the FGFR1 intracellular domain (Y463, Y583, Y585, Y653, Y654, Y730, Y766) (Mohammadi et al., 1991 (Mohammadi et al., , 1996a , and there is an eighth tyrosine (Y776) that is conserved in all four FGFRs ( Figure  1 ). Y653 and Y654 are in the activation loop of the kinase domain and are required for FGFR1 kinase activity (Mohammadi et al., 1996a) .
To facilitate the study of specific FGFR3 tyrosine residues in mediating FGFR3 signaling, we used a novel set of derivatives exhibiting two unique features that were based on a previous study of the K650E mutant (Webster and Donoghue, 1997a ). First, a myristylation signal was used to target the intracellular domain of FGFR3 to the inner surface of the plasma membrane (Figure 1 ). Second, derivatives were rendered constitutively active by incorporating the K650E activation loop mutation. These derivatives are unique in that they are completely independent of ligand and thus provide a simplified system in which to study FGFR3 signaling.
All derivatives contain the sequence "YYKE" in the activation loop (residues 647-650) region of FGFR3, except for " [FF] " constructs, which contain the sequence "FFKE" in this region (Figure 1 ). These latter derivatives lack the activation loop tyrosine residues but contain the activating K650E mutation, and they allowed us to assess the importance of these two tyrosines in the presence of the K650E mutation. Mutation of all other conserved tyrosines in FGFR3 (Y577, Y724, Y760, Y770) to phenylalanine generated the constructs 4F and [FF]4F. Each tyrosine was then added back to examine its individual contribution to FGFR3 signaling ( Figure 1 , "Add-back mutants"). For example, the 3F-577Y derivative contains the activation loop tyrosines, plus Y577, with the three remaining conserved tyrosine residues mutated to phenylalanine (3F).
Alternatively, each tyrosine residue was individually mutated to phenylalanine (Single F mutants) using the positive control 4Y derivative, which contains all conserved phosphorylation sites and the K650E mutation ( Figure 1 ). As a negative control, we also used the WT derivative, which does not contain the K650E point mutation.
Transforming Activity of Add-back and Single F Mutants
To analyze the ability of FGFR3 derivatives to confer contact-and anchorage-independent growth, NIH3T3 cells were transfected with the indicated constructs (Figure 2) . Removal of all four nonactivation loop tyrosine residues (4F) resulted in a significantly decreased transforming activity (ϳ20% activity) when compared with the 4Y positive control; however, the Add-back construct 3F-724Y restored transforming activity to nearly 100% of 4Y (Figure 2 ). The presence of Y577 (3F-577Y), Y760 (3F-760Y), or Y770 (3F-770Y) had only a modest effect on the transforming activity of the 4F derivative (Figure 2 ). The 3F-770Y construct exhibited the lowest level of transforming activity of the Addback derivatives (ϳ18% of 4Y) (Figure 2 ). Removal of Y724 from the 4Y derivative generated the 3Y-724F Single F mutant, which caused a significant reduction in transforming activity to 40% of the control 4Y (Figure 2) , again suggesting the importance of Y724 for transformation mediated by constitutively activated FGFR3 mutants. The absence of Y577 (3Y-577F) or Y760 (3Y-760F) resulted in a modest decrease in activity. In contrast, mutation of Y770 (3Y-770F) increased the transforming activity of the FGFR3 construct to ϳ130% of the control 4Y (Figure 2) .
A similar pattern of activity was also seen with the FFKE activation loop derivatives, lacking the activation loop tyrosines (Figure 2 
In Vitro and In Vivo Kinase Activity
To determine whether the in vitro autophosphorylation activity was altered in any of the FGFR3 derivatives, the Addback and Single F constructs were immunoprecipitated from transfected cells with FGFR3 antiserum and subjected to an in vitro kinase assay. Significant autophosphorylation was detected in the 4Y derivative ( Figure 3A, lanes 3 and 16) . Similar kinase activation was exhibited by derivatives containing the Y724 site ( Figure 3A , 3F-724Y, lane 5) or lacking residues Y577, Y760, or Y770 ( Figure 3A , Single F mutants, lanes 10, 12, and 13). All derivatives were expressed at equivalent levels ( Figure 3B ).
We next examined whether any of the tyrosine mutations affected the in vivo kinase activity of the receptor derivatives. The Add-back and Single F mutants were transfected into 293T cells, and lysates were analyzed by immunoblotting using 4G10 phosphotyrosine antiserum. Figure 3C shows that both the 4Y and 3F-724Y constructs led to a significant increase in cellular tyrosine phosphorylation ( Figure 3C, lanes 3 and 5) , when compared with mock-transfected cells or cells expressing the wild-type FGFR3 derivative ( Figure 3C , lanes 1 and 8, 2 and 9, respectively). The Single F mutant 3Y-724F abolished all cellular tyrosine phosphorylation ( Figure 3C, lane 11) . Addition of Y577, Y760, or Y770 to the 4F mutant ( Figure  3C , lanes 4, 6, and 7) did not appreciably affect phosphorylation of cellular proteins. Removal of these residues in the Single F mutants ( Figure 3C , lanes 10, 12, and 13) did not reduce cellular tyrosine phosphorylation. Taken together, these results suggest that Y724 is a major regulatory site for signaling by constitutively activated mutants of FGFR3. The seven autophosphorylation sites (Mohammadi et al., 1996a) mapped in FGFR1 are indicated by orange dots, and an eighth tyrosine (Y776) that is conserved in all four FGFRs is marked by an orange striped dot. (Bottom) Constructs generated for this study. A myristylation signal targets the intracellular domain of FGFR3 to the plasma membrane. All derivatives, with the exception of WT, contain the K650E point mutation (yellow). The [FF]4F construct contains mutations of the Y647 and Y648 activation loop residues to phenylalanine, as indicated by [FF] (pink). The 4F construct was used to derive the "Add-back" mutants, where each tyrosine was individually added back to the phenylalanine mutants (green). The 4Y derivative served as the parental constructs for the "Single F" derivatives, which have each nonactivation loop tyrosine individually removed by mutation to phenylalanine (red).
Activation of MAPK
FGF stimulation leads to MAPK activation in multiple cell types (Kouhara et al., 1997; Szebenyi and Fallon, 1999) . To determine which tyrosine residues are important for this response, whole-cell lysates of 293T cells transfected with the indicated samples were immunoblotted with Phosphop44/42 MAP Kinase (Thr202/Tyr204) antiserum, which detects the phosphorylated, activated forms of p42MAPK and p44MAPK. The same membrane was reprobed with ERK1/2 antiserum to confirm equivalent levels of p42MAPK and p44MAPK in each sample. The resulting ECL exposures were scanned and quantitated using NIH Image software. The bar graph, shown in Figure 4 , represents the levels of activated MAPK (p42/p44), calculated as a ratio of P-MAPK/MAPK levels, over that exhibited by 4Y. 
Phosphorylation of Shp2
The tyrosine phosphatase Shp2 is tyrosine phosphorylated in response to FGFs (Hadari et al., 1998) . To determine the importance of Y724 for Shp2 phosphorylation, lysates of transfected 293T cells were immunoprecipitated with Shp2 antiserum and analyzed by immunoblotting with 4G10 phosphotyrosine antiserum. Although expression of the 4F mutant did not lead to Shp2 phosphorylation ( Figure 5A , lane 12), the Add-back mutant containing Y724 (3F-724Y) resulted in significant tyrosine phosphorylation of Shp2 ( Figure 5A , lane 4). In the Single F derivatives, removal of Y577 (lane 7), Y760 (lane 9), or Y770 (lane 10) from the 4Y derivative ( Figure 5A , lane 11) did not affect the phosphorylation of Shp2; however, mutation of just Y724 (3Y-724F) completely abolished this effect ( Figure 5A , lane 8). Expression of Shp2 and FGFR3 were approximately equal in each sample ( Figure 5 , B and C, respectively).
Activation of Stat1 and Stat3
Stat1 and Stat3 proteins are activated by FGFRs, particularly by FGFR3 containing the K650E mutation (Su et al., 1997; Legeai-Mallet et al., 1998; Li et al., 1999; Sahni et al., 1999; Hart et al., 2000a) . To examine the importance of each FGFR3 tyrosine residue in mediating this response, lysates from 293T cells transfected with the indicated constructs were immunoblotted with the indicated Stat-and phospho-Statspecific antisera ( Figure 6 ). Expression of either 4Y or the 3F-724Y Add-back construct led to phosphorylation of Stat1 and Stat3 proteins in 293T cells ( Figure 6 , A and C, lanes 3 and 5). Removal of Y724 in the Single F mutant 3Y-724F Figure  7A, f) . Similar results were seen with the 4Y derivative ( Figure 7A, l) . Removal of just Y724 from this derivative, in the Single F mutant 3Y-724F, abolished the translocation of Stat3 to the nucleus ( Figure 7A, j) . Other Add-back derivatives were unable to cause Stat3 nuclear accumulation (Figure 7A , h) (and our unpublished results).
We used a Stat1/Stat3-specific luciferase reporter construct (4xStRE-luciferase) (Bromberg et al., 1999) to examine directly Stat1/Stat3 transcriptional activation. These results, shown in Figure 7B , parallel the phospho-Stat results in Figure 6 . Addition of Y724 in the Add-back mutant 3F-724Y caused an ϳ150-fold stimulation of the reporter construct, when compared with WT ( Figure 7B, left panel) . None of the other Add-back mutants significantly activated the reporter construct. Removal of Y577 or Y770 in the Single F mutants did not inhibit activation of the reporter and led to ϳ200-fold activation over WT ( Figure 7B) ; however, removal of Y724 in the Single F mutant 3Y-724F completely abrogated the activation of the reporter (3Y-724F, right panel). Interestingly, the absence of Y760 in the 3Y-760F Single F mutant decreased activation to ϳ50% of the positive control ( Figure  7B ). Taken together, these results clearly implicate Y724 in the activation of Stat proteins by constitutively activated mutants of FGFR3 and suggest that both Y724 and Y760 are required for maximal Stat activation.
Activation of PI 3-Kinase by FGFR3 Derivatives
The sequence surrounding Y724 resembles a consensus binding site for the p85 regulatory subunit of PI 3-kinase. To examine PI 3-kinase activation, transfected cell lysates were immunoprecipitated with 4G10 phosphotyrosine antiserum and subjected to an in vitro lipid kinase assay using PI as substrate. The 4Y and 3F-724Y derivatives led to an 8.3-and 9.6-fold increase, respectively, in PI 3-kinase activity over mock-transfected cells (Figure 8 ). The 3Y-724F construct resulted in marginal PI 3-kinase activation. Interestingly, removal of Y770 from the 4Y construct (3Y-724F) increased the PI 3-kinase activation ϳ1.5-fold over the 4Y activity. These results suggest that Y770 may negatively regulate the activation of PI 3-kinase by constitutively activated FGFR3; moreover, the presence of Y724 appears to be important for maximal activation of this pathway.
Role of Y724 in Full-length FGFR3 Derivatives
The Y724F mutation was swapped into the full-length WT and TDII derivatives of FGFR3 to determine whether this residue was important for full-length receptor or ligandstimulated signaling. First, 293T cells were transfected with full-length derivatives, then starved overnight, and lysates were examined for activation of Stat1 (Figure 9 ). The fulllength TDII FGFR3 derivative, as well as the 4Y construct, which are both constitutively activated, led to activation of Stat1 in the absence of ligand; however, removal of Y724 from the full-length TDII construct rendered it unable to active Stat1 ( Figure 9B ). Similar results were seen when phosphorylation of MAPK was examined (our unpublished results). Similar levels of full-length FGFR3 constructs were expressed in the cells ( Figure 9A ).
Next we examined whether ligand-stimulated signaling was affected by the Y724F mutation. CHO-K1 cells, which are known to lack endogenous FGFRs, were transfected with full-length FGFR3 derivatives, starved overnight, and then stimulated as indicated with aFGF plus heparin (Figure 10 ). Ligand stimulation leads to autophosphorylation of FGFR3, as seen in Figure 10 (lane 2). Constitutively active full-length FGFR3 is also autophosphorylated in these cells in the absence of ligand (Figure 10, lane 4) ; however, when the Y724F mutation is incorporated into WT FGFR3, it becomes insensitive to ligand-stimulated autophosphorylation (Figure 10 , lane 3). Taken together, these results suggest that Y724 is also an important residue for signaling through full-length FGFR3. 
DISCUSSION
Members of the FGFR family mediate a number of important cellular processes and are mutated or overexpressed in several human developmental syndromes and also in various cancers. The activating mutation Lys6503 Glu in the activation loop of the FGFR3 kinase domain underlies the lethal human skeletal disorder TDII (reviewed in and is also found in patients with multiple myeloma and bladder and cervical carcinomas (Chesi et al., 1997; Richelda et al., 1997; Cappellen et al., 1999) . We recently reported a comparative analysis of the signaling activity of FGFR family members, in which the analogous mutation was introduced into FGFR1, FGFR3, and FGFR4 (Hart et al., 2000a) . In this previous study, we showed that the kinase domains of FGFR1, FGFR3, and FGFR4 containing the activation loop mutation, when targeted to the plasma membrane by a myristylation signal, can transform NIH3T3 cells and induce neurite outgrowth in PC12 cells. Phosphorylation of Shp2, PLC-␥, and MAPK was also stimulated by all three "TDII-like" FGFR derivatives. Additionally, activation of Stat1 and Stat3, as well as activation of PI-3 kinase activity, was observed in cells expressing the activated FGFR derivatives. This study demonstrated that these activated receptor derivatives exhibit significant overlap in the panel of effector proteins used to mediate downstream signals and suggested that Stat activation by FGFRs is important in their ability to act as oncogenes.
To build on this earlier work, and to further analyze signaling by members of the FGFR family, we chose FGFR3 for further study of the importance of individual tyrosine residues for downstream signaling. The results presented here demonstrate the importance of Y724 for signaling by constitutively activated mutants of FGFR3. Addition of Y724 to the 4F derivative that lacks all nonactivation loop tyrosine residues restored the ability of this mutant to cause morphological transformation, to a level nearly 100% of the 4Y construct. Examination of individual FGFR3 signaling effectors showed that phosphorylation of Shp2, MAPK, Stat1, and Stat3 was also stimulated by both 4Y and the 3F-724Y Add-back mutant. These results are summarized in Figure  11 . Mutation of Y724 to F abolished both FGFR3-dependent transformation and activation of signaling pathways, further demonstrating that Y724 functions as the critical regulatory tyrosine residue for the panel of mutants examined here. Examination of full-length FGFR3, both ligand-stimulated and constitutively active derivatives, also reveals an important role for Y724 in FGFR3 signaling. We also found that Y770 may function as a negative regulatory site for FGFR3-stimulated transformation and PI 3-kinase activation. Although this region does not resemble any known tyrosine phosphorylation motifs, it may serve as a novel binding site for a negative regulator of FGFR3 signaling. Additionally, Y760, the PLC-␥ binding site, although not required for transformation, MAPK activation, or PI 3-kinase activity, may be important for full Stat activation.
Comparisons with Other RTKs
On the basis of the crystallographic structure of FGFR1, the residue Y730, which corresponds to Y724 in FGFR3, is predicted to lie in ␣-helix H at the bottom of the large lobe of the kinase domain (Mohammadi et al., 1996b) . In the FGFR1 structure, this helix is surface accessible, making this ty- rosine available to bind cellular proteins. Interestingly, this tyrosine residue is conserved in many RTKs, including EGFR and PDGFR, but is notably absent in the insulin receptor. Although this residue is phosphorylated in FGFR1 (Mohammadi et al., 1996a) , the corresponding residue has not been identified as a phosphorylation site in EGFR or PDGFR, nor has it been previously shown to bind to any cellular proteins.
Our results demonstrate that FGFR3 differs significantly from RTKs such as EGFR, Neu/ErbB2, and PDGFR, which use multiple tyrosine residues to mediate binding to different effector proteins (Fantl et al., 1992; Kashishian et al., 1992; Kazlauskas et al., 1992; Ronnstrand et al., 1992; Decker, 1993; Kashishian and Cooper, 1993; Dankort et al., 1997) . Binding of multiple effector proteins to a single tyrosine motif has been observed for other RTKs, notably the MET receptor (hepatocyte growth factor receptor). In the MET human receptor, Shc, Gab1, src, PLC-␥, Shp2, and PI 3-kinase all bind to Y1349 and Y1356, whereas Grb2 binds to Y1356 alone. Mutation of these tyrosine residues reduces MET-induced epithelial cell morphogenesis but does not affect MET-mediated activation of the MAPK pathway or the resulting cell scattering (Nguyen et al., 1997; Tulasne et al., 1999) . A multiple substrate binding site has also been reported for Y1100 of the Tek/Tie2 receptor (Jones et al., 1999) . The ability of one tyrosine or tyrosine-containing motif to mediate binding to several effector proteins may indicate a similar role for Y724 in FGFR3. Future studies will be directed toward identifying cellular proteins that may interact with this site in a phosphotyrosine-dependent manner.
Role of PI 3-Kinase Activation in FGFR3 Signaling
The sequence around Y724 contains a YMXM motif, suggestive of a binding site for the p85 subunit of PI 3-kinase. We found that PI 3-kinase activity is significantly enhanced in cells expressing the 4Y or 3F-724Y derivatives. These derivatives also exhibited high levels of transforming activity. PI 3-kinase has been implicated in transformation as well as apoptosis through activation of the kinase Akt (Sellers and Fisher, 1999; reviewed in Kraslinikov, 2000) . Suppression of apoptosis in dysplastic cells could lead to an extended lifespan and contribute to FGFR3-mediated transformation. Activation of PI 3-kinase has also been shown to regulate cellular cytoskeletal organization. Abnormal activation of these pathways in cancer cells may facilitate invasion and metastasis by stimulating cellular migration or altering cellular shape and size (Sellers and Fisher, 1999; Kraslinikov, 2000) . Thus, demonstration of FGFR3-mediated PI 3-kinase activation may provide at least a partial mechanism for how FGFR3 induces transformation.
Role of Stat Proteins in Signaling by Constitutively Activated FGFR3
Several laboratories have recently shown that FGFRs can activate members of the Stat family of transcription factors (Su et al., 1997; Legeai-Mallet et al., 1998; Li et al., 1999; Sahni et al., 1999; Hart et al., 2000a) . A number of human cancers exhibit Stat3 activation, including breast carcinoma, head and neck squamous cell carcinoma, and multiple myeloma (Garcia and Jove, 1998; Grandis et al., 1998; Catlett-Falcone et al., 1999) . Recent studies suggest that overactivation of Stat3 protects multiple myeloma cells from apoptosis, thereby contributing to disease progression (Catlett-Falcone et al., 1999) . It is fascinating that FGFR3 mutations have also recently been linked to multiple myeloma, as well as bladder and cervical carcinomas (Chesi et al., 1997; Richelda et al., 1997; Cappellen et al., 1999) . Further examination of the Y724-dependent Stat activation demonstrated here may suggest additional links between Stats, FGFR3 activation, and human cancer.
FGFR Signaling and Human Disease
FGFR3 mutations are involved in a multitude of developmental syndromes and human cancers. A large number of FGFR1 and FGFR2 mutations are also associated with similar clinical phenotypes (reviewed in Webster and Donoghue, 1997b; Burke et al., 1998) . In addition, FGFR1 and FGFR2 chromosomal translocations have been detected in some T-lymphocytic and myeloproliferative disorders (Hattori et al., 1992; Popovici et al., 1998 Popovici et al., , 1999 Reiter et al., 1998; Smedley et al., 1998; Xiao et al., 1998) . Our findings suggest that FGFR3 may differ from FGFR1 in the requirement of a single tyrosine residue (Y724), which may reflect some fundamental difference in the regulation of signaling pathways that are activated by FGFR3 versus FGFR1. Similar add-back mutational studies in other FGFR family members may also facilitate comparison of signaling pathways activated by FGFR1, FGFR2, and FGFR4. Last, because our results reveal a requirement for Y724 in FGFR3 activation of cellular transformation, MAPK, Stat proteins, and PI 3-kinase, Y724 may be a useful therapeutic target for FGFR3-dependent disorders.
